Abstract: Small zinc finger (ZnF) motifs are promising molecular scaffolds for protein design owing to their structural robustness and versatility. Moreover, their characterization provides important insights into protein folding in general. ZnF motifs usually possess an exceptional specificity and high affinity towards Zn(II) ion to drive folding. While the Zn(II) ion is canonically coordinated by two cysteine and two histidine residues, many other coordination spheres also exist in small ZnFs, all having four amino acid ligands. Here we used high-resolution mass spectrometry to study metal ion binding specificity and primary coordination sphere robustness of a designed zinc finger, named MM1. Based on the results, MM1 possesses high specificity for zinc with sub-micromolar binding affinity. Surprisingly, MM1 retains metal ion binding affinity even in the presence of selective alanine mutations of the primary zinc coordinating amino acid residues.
Introduction
The exact mechanism of how proteins fold into stable, well-defined three-dimensional structures is not yet entirely understood. 1 For proteins and peptides lacking a so-called hydrophobic core, common ways to stabilize a fold is to make disulfide bonds or to add a metal cofactor to hold the structure together. In many protein structures, nature has selected zinc to perform the latter role. Redox-inertness, high solubility and bioavailability make zinc an excellent metal for this purpose, and it has been estimated that one third of metal proteins may contain a zinc cofactor. 2 Zinc fingers (ZnFs) are among the smallest, autonomously folding protein domains or motifs. ZnFs are typically associated with transcription factors or, more generally, DNA-binding proteins. Zinc coordination, occurring generally to Cys and/or His residues, provides necessary stabilization to otherwise unstable structures. 3 Moreover, interactions between the metal and the peptide can induce oligomerization or conformational changes required for biological activity. 4 Structural zinc sites in proteins are generally made by Cys 4 , Cys 3 His or Cys 2 His 2 coordination spheres, where Zn(II) ion is bound in a tetrahedral fashion. 5 Cysteinecontaining ZnF motifs are also susceptible for cellular redox reactions, resulting in disulfide bonds or other oxidative modifications, which often modulate their biological activity. 6, 7 Because of their small size, ZnFs make an excellent starting point for protein design and protein folding studies. [8] [9] [10] A recently discovered non-native CHANCE (Cys/His peptide exhibiting a nonexpected conformational ensemble) motif ( Fig. 1) , serendipitously found during the analysis of the first Cys/His-rich domain (CH1) of the transcriptional regulator CREB binding protein (CBP), has shown that ZnF-like designer peptides can well mimic their natural counterparts. [11] [12] [13] Based on the CHANCE motif, Sharpe et al. designed a number of "minimal mutant" (MM) peptides, where several amino acid residues were mutated to alanines, and a set of "designed functional finger" (DFF) peptides, where surface residues were further mutated to mimic some common ZnF motifs. 11, 12 The objectives were (1) to find minimal sequence features, which could retain the original fold, and (2) to test a possibility of grafting the surface of a designer peptide with a specific (DNA or protein binding) function. Although the latter objective appeared challenging, 12 it was demonstrated that the CHANCE motif retains a stable fold upon multiple alanine mutations, suggesting its potential as a versatile molecular scaffold for protein design.
Here, we report on the characterization of the metal ion binding specificity and affinity as well as primary coordination sphere robustness of several small ZnF motifs by using high-resolution Fourier transform ion cyclotron resonance (FT-ICR) mass spectrometry. Since the earlier studies demonstrated structural robustness of the CHANCE motif, 11, 12, 14 we chose the most stable MM peptide, named MM1, as the starting point. Based on the NMR structure of MM1, the zinc ion is coordinated by Cys5, Cys10, His19, and Cys23 residues (Fig. 1 ). In addition, there is an additional histidine residue (His22) in close vicinity (ca., 3.7 Å ), which could participate in the transient metal ion binding upon folding, or act as an important second-shell ligand. 13 For comparison, we also examined DFF2, which mimics the Nterminal ZnF motif of HIV-1 nucleocapsid protein 7 (NCp7), and compared that to the native 18-residue peptide (NC), which represents one of the smallest known stable ZnF motifs. 15 ( Fig. 1 ) Moreover, we synthesized several Cys/His-to-Ala mutant peptides of MM1 to study importance of the primary and some secondary amino acid ligands toward the zinc ion binding. In this study, we utilized electrospray ionization mass spectrometry (ESI-MS), 16, 17 since it allows both the metal ion binding and the resulting conformational transitions to be analyzed simultaneously, without the need for specific structural features (e.g., chromophores), or the use of non-native metals or chemical labeling. 18 Successful application of high-resolution ESI-MS to study metal ion and DNA binding as well as folding of several zinc fingers has been nicely exemplified in a few recent studies.
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Results
Zinc ion binding of MM1, DFF2, and NC
The ESI FT-ICR mass spectra of the synthesized ZnF peptides were initially measured in denaturing solution conditions, i.e., acetonitrile (MeCN)/water mixture (50:50, v/v) 1 1% acetic acid (pH 3.2), to verify their purity and sequences (see, Supporting Information Table SI) . In these conditions, no zinc ion binding was observed. These preliminary analyses also indicated that MM1 was partially oxidized, having an internal disulfide bond between Cys5 and Cys10 as verified by collision-induced dissociation tandem mass spectrometry (CID-MS/MS) experiments (Supporting Information Fig. S1 ). Similarly, DFF2 was partially oxidized, having the same disulfide bond. In contrast, NC existed as a fully oxidized, disulfide-linked dimer. The oxidation of NCp7 and Figure 1 . NMR structure of MM1 zinc finger motif (PDB code 1WO3). 12 Underneath are the amino acid sequences of the peptides used in this study. The zinc binding residues are marked with blue background and changes from the CHANCE motif for MM1 and DFF2 are in red.
similar ZnF motifs, in the absence of zinc, has also been previously reported. 7, [22] [23] [24] Therefore, all peptides were reduced using a dithiothreitol (DTT) based reduction protocol, reported elsewhere. 25 To examine zinc ion binding of the peptides, ESI-MS experiments were first attempted in pure water. However, peptide re-oxidation (i.e., formation of one disulfide bond) occurred rapidly following the sample dilution in the absence of zinc. The formed disulfide could easily be reduced with an addition of excess DTT, which is an ESI-MS compatible nonionic reducing agent. However, as DTT can also effectively chelate zinc ions, 26 thus affecting the overall thermodynamic equilibrium, we did not want to use any additional DTT in the experiments (other than used to prepare stock solutions of the reduced peptides). Therefore, we tested a mixture of H 2 O and MeCN as an alternative solvent. We observed that with an increasing amount of water in the mixture, the peptide oxidation rate increased rapidly (data not shown). Therefore, we found a solvent ratio of 50:50 (v/v) optimal for further experiments as it minimized peptide oxidation (only 1-2%) in the absence, while preserved the folding of the peptide in the presence of zinc (see below). This value translates into z av 2.9, based on the empirical charge-surface correlation proposed by Kaltashov and Mohimen, which is essentially the same as observed experimentally. 28 Thus, the observed shift in the CSD and, especially, a saturative binding of one specific zinc ion are taken as an indication of the Zn(II) ion-induced folding of MM1 into a well-defined three-dimensional structure. These results are consistent with the earlier study. 12 Similar results were observed with DFF2 and NC peptides (Supporting Information Fig. S2 ). However, there were differences regarding the zinc ion concentrations needed; while MM1 was fully saturated with a 10-fold molar excess of zinc, DFF2 required 15-fold excess at the same peptide concentration, suggesting a somewhat lower Zn(II) ion affinity. In contrast, NC was fully saturated already at 3-fold molar excess, implying much higher affinity. In fact, NC could not be measured without zinc (i.e., the holo-peptide was always observed even without addition of external zinc ions). The dissociation constant (K d ) between NC and Zn(II) has been previously estimated to be 10 215 M. 29 NC is an extensively studied native ZnF motif, partly owing to its small size. When solutions of the holo-peptides were acidified with acetic acid (pH dropped to around 3.2), only the apo-peptides were observed, consistent with an acid-induced unfolding. The zinc ion affinity of most ZnFs quickly drops at pH < 5 due to protonation of the coordinating Cys and His residues. The peptide concentration was 2.5 mM in both. c) Titration curve of zinc binding to MM1 peptide.
To further quantify the zinc ion affinity of MM1, we performed a series of titration experiments. The fractional saturation versus the free zinc concentration, obtained from the ionic signals of the apo-and holo-peptides of MM1, is shown in Figure 2 (C). To avoid non-specific metal ion binding, the total peptide concentration was maintained at 1 mM while zinc ion concentration was varied between 0.25 and 5.0 mM. The equilibrium dissociation constant (K d ) of (112 6 9) 3 10 29 M was obtained from the fitting of the titration curve into a simple one-site binding model (see, Materials and Methods for details). Thus, the Zn(II) ion affinity is in the sub-micromolar level. Therefore, it is evident that non-native ZnFs have zinc ion affinities roughly 7-8 orders of magnitude lower as compared to the native ones. However, some designed ZnFs have affinities even exceeding those of native ones, e.g. CP-1, which is based on a consensus sequence of 131 native ZnFs, has a K d value of 10 215 M for Zn(II).
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Metal ion specificity of MM1
To assess whether MM1 shows specificity toward zinc ions, the binding of other (transition) metals was studied (Fig. 3) . ZnFs are usually spectroscopically studied by substituting zinc with cobalt. 33 Manganese, copper and nickel are essential elements, utilized by many metalloenzymes, but are usually not bound by ZnFs. The heavier metals, like cadmium, silver, mercury and gold, are not used by any biological system but can possibly target ZnFs by displacing the coordinated zinc ions, and thus modulate their biological activity. For example, different gold drugs, like aurothiomalate or auranofin, have been shown to react with ZnF motifs, to create the so-called "gold fingers," and have potential therapeutic applications. 34, 35 Out of all metal ions tested, MM1 was able to bind Ca(II) and Mn(II), although the affinity was very low, and the observed binding could also be nonspecific (Fig. 3) . The binding of Hg(II) was also observed but there were up to three Hg(II) ions coordinated to the same peptide chain, implying nonspecific binding. In contrast, Au(I) was able to form an abundant 1:1 complex with MM1. Increasing the gold ion concentration further caused the remaining apo-peptide to form a disulfide bond; however, Au(I) did not bind to the oxidized peptide, suggesting a requirement of free thiols for the binding. In contrast to Zn(II), the bound Au(I) ion did not markedly alter the CSD, indicating that it does not induce as compact fold as in the case of zinc. The same has been observed with lead (Pb 21 ) complexes. 36 It has been suggested that Au(I) ions usually form twodentate structures with ZnFs, having two coordinating Cys ligands. 21 Surprisingly, only very weak binding with Co(II) was observed [ Fig. 3(C) ]. This is a puzzling finding, since Sharpe et al. reported the use of Co(II)-substituted MM1 for probing the coordination geometry by absorption spectroscopy measurements. 12 Co(II) is commonly used to substitute Zn(II) in structural characterization of ZnFs, since it is spectroscopically active, and its spectral fingerprint can be used to differentiate between different coordination spheres (e.g., CCHC vs. CCHH). It has been reported that Co(II) ion affinity is generally several orders of magnitude lower as compared to Zn(II). 31 With Cu(II), Cd(II), Ni(II), Ag(I), and Mg(II), no binding was observed to occur with MM1.
Zinc coordination sphere robustness of MM1
Next, we sought to analyze the importance of the four coordinating amino acid ligands in MM1 for efficient zinc ion binding. The robustness of the zinc coordination sphere would be beneficial for the design of new ZnF based protein scaffolds. Therefore, we synthesized four MM1 mutants, C5A, C10A, H19A, and C23A, to substitute each zinccoordinating residue with a non-coordinating alanine residue. In addition, we synthesized the H19C mutant to see whether the coordinating His19 can be replaced by a cysteine residue, and the H22A mutant to test possible second-shell interactions of this residue. Previously, MM1 mutants C23S and H22Y were shown to lack a stable fold.
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The initial ESI FT-ICR MS measurements with the mutants indicated that they also formed intramolecular disulfide bonds, regardless of the mutation site. In addition, a dimeric, disulfide-linked peptide was observed with the H19A mutant. These disulfides were further verified with additional CID-MS/MS experiments. The zinc affinities of the MM1 mutants were measured as before. However, the zinc concentration was raised to 90 lM (i.e., 36-fold molar excess) since the initial experiments indicated that the zinc binding affinities of the mutants were somewhat lower as compared to the unmutated MM1. Figure 4 shows ESI FT-ICR mass spectra measured for the C5A, C10A, H19A, H19C, and C23A mutants in the presence of zinc. Quite surprisingly, all of them were able to bind zinc, except the C10A mutant, for which only a very small amount of the zinc-complexed peptide could be observed. Thus, Cys10 seems to have indispensable role for the efficient zinc ion coordination in MM1. As opposed to the previous study, 12 isosteric with cysteine, its polar hydroxyl group may be difficult to accommodate in the small hydrophobic core of MM1, which could result in destabilization. The H19C mutant was also almost fully saturated in these conditions. Increasing the amount of cysteine residues in the primary coordination sphere of ZnFs generally correlates with a greater entropy contribution to the binding free energy, and thus higher sensitivity to factors like pH, temperature or ionic strength. 37 The C5A and H19A mutants had zinc affinities slightly lower as compared to the C23A and H19C mutants. Finally, we checked whether the high molar excess of zinc ions (36-fold) could result in non-specific zinc association. To distinguish between specific and nonspecific binding, each peptide was also measured in its fully oxidized form. All oxidized peptides were observed to bind only a very small amount of zinc (Supporting Information Fig. S4 ), reflecting the amount of nonspecific binding. Therefore, it is evident that the MM1 mutants C5A, H19A, and C23A were all capable of zinc binding, despite the apparent lack of one amino acid residue in their primary coordination sphere. Second-shell interactions also play an important role in the stabilization of structural zinc sites.
38
MM1 contains His22, which is a non-coordinating residue. The distance between Zn(II) ion and His22 is only 3.7 Å (Fig. 1) , suggesting its potential role as a second-shell ligand. Indeed, H22Y mutation was previously shown to inhibit proper folding of the peptide, suggesting its essential role for the maintenance of the "CHANCE conformation." 12 In contrast to the previous study, the H22A mutant was still able to bind zinc, even though the affinity was slightly lower than that of MM1 (data not shown).
Again, we used alanine rather than tyrosine to replace the non-coordinating His22, so that the direct comparison is not possible. His22 could basically act as a primary coordinating residue, especially in the case of C23A mutation. Indeed, the preliminary NMR calculations without zinc coordination constraints also pointed to this possibility. 12 To rationalize the results pointing to the structural robustness of the zinc-binding site in MM1, we obtained structural models for the studied mutants through molecular mechanics calculations, using the solution NMR structure (PDB ID: 1WO3) of MM1 as a template. The main objective was to probe structural changes in the zinc coordination sphere and to verify the roles of possible second-shell ligands, especially His22, upon successive amino acid mutations. Briefly, the NMR structure was first energyminimized and then inspected in terms of zinc coordination geometry and structural topology. The energy-minimized MM1 model retained the overall fold with a backbone root-mean-square deviation (RMSD) value of 0.780 Å , when aligned with the solution NMR structure [ Fig. 5(A) ]. The zinc coordination site displayed a perfect tetrahedral geometry with expected bond lengths and angles. The amino acid mutations C5A, C10A, H19A, H19C, and C23A were then made and the resulting structures were energy-minimized. For the mutants C5A, C10A, H19A, and C32A, His22 was expected to be a plausible substitutional zinc ligand due to its short distance, and therefore a bond between its side-chain Ne atom and the zinc ion was made before optimization. All energy-minimized mutant models retained the overall fold (backbone RMSD between 0.187 and 0.846 Å ) and their zinc coordination spheres showed nearly perfect tetrahedral coordination geometry [ Fig. 5(B-G) ], suggesting that His22 could indeed act as a substitutional zinc ligand. In all mutant models, a perfect zinc binding geometry required only subtle structural changes; the Zn(II) atom moves about 0.4-1.6 Å towards His19 or His22 with concomitant side-chain conformational changes of the remaining coordinating amino acid residues. Interestingly, the model for the C10A mutant (which does not bind any zinc according to ESI-MS) also shows nearly perfect zinc binding geometry with only 0.379 Å backbone RMSD as compared to MM1. However, as compared to the other mutants, the lack of Cys10 residue residing in the long loop (a few irregular turns) connecting the two short helical regions (i.e., V2-A4 and V16-M20) likely results in the destabilization as there are no other polar contacts (hydrogen bonds) between the loop and the small hydrophobic core comprising the zinc binding site. However, a more detailed structural/thermodynamic analysis would require molecular dynamics simulations, or more preferably, 1D/2D-NMR spectroscopic analysis.
Conclusions
In summary, it was shown that a designed ZnF motif MM1 possesses high specificity for zinc with the affinity in the sub-micromolar level. The zinc coordination site in MM1 was also shown to be surprisingly robust as the successive alanine mutations of the three zinc coordinating amino acid residues (Cys5, His19, and Cys23) had only a modest effect on the zinc binding affinity. Only the mutation of Cys10 resulted in the lack of zinc binding ability. The crucial importance of Cys10 is probably attributed to its role in stabilizing the overall fold by bridging the long loop to the zinc center. On the basis of molecular modeling, the non-coordinating His22 likely provides an extra robustness of the zinc coordination sphere, since it is located in close vicinity of the zinc site and can act as a substitutional ligand through subtle structural changes, in the case of mutations of Cys5, His19 or Cys23 residues. Therefore, MM1 possesses high potential as a useful ZnF based scaffold for further protein design studies. The results obtained with the MM1 mutants are very interesting in the light of structural robustness of small ZnF motifs. Simpson et al. have shown that the second, less conserved histidine residue in the canonical Cys 2 His 2 type ZnF can be substituted with several non-coordinating amino acids without a marked difference in its zinc binding affinity or its association with DNA. 39 In addition, the peptide analogs mimicking the structural zinc site of alcohol dehydrogenase (ADH), with one or two alanine mutations in the random positions of its Cys 4 coordination sphere, were still able to bind one specific zinc ion with high affinity. 40 This is in contrast to the recombinant ADH mutants, for which any single Cys-to-Ala substitution resulted in a completely inactive and unstable enzyme. 41 The results suggest that zinc coordination sites in small designed ZnFs may be more robust structurally than previously anticipated. Although the zinc ion possesses a crucial role in the stabilization of a ZnF motif, there have also been some attempts to design peptides that would adopt a similar fold even without the metal ion. One of such structures, designed by Dahiyat et al., 42 is based on a bba ZnF motif of the growth response factor Zif268. The resulting peptide analog adopted a stable, but thermolabile tertiary structure in solution, highly resembling that of the original Zif268 fold.
Materials and Methods

General chemicals
Water (H 2 O) and acetonitrile (MeCN) were of the highest available HPLC grade. Dithiothreitol (DTT) and zinc(II) acetate dehydrate as well as silver(I) and magnesium(II) acetates were obtained from Fluka BioChemika (Buchs, Switzerland). Manganese(II) acetate was obtained from Sigma-Aldrich (Steinheim, Germany) and nickel(II), cadmium(II), calcium(II), mercury(II), cobalt(II) and copper(II) acetate were from E. Merck (Darmstadt, Germany). Gold(I) chloride was purchased from Alfa Aesar (Karlsruhe, Germany). HPLC grade acetic acid (HOAc) was obtained from Sigma-Aldrich.
Peptide materials
Zinc finger (ZnF) peptides were prepared by using solid-phase peptide synthesis (SPPS) or obtained from commercial sources. The SPPS was performed as follows. The peptide chains were elongated manually on a TentaGel R RAM resin (0.19 mmol g 21 )
with a Rink amide linker in a 0.1 mmol scale. The coupling was performed with three equivalents of the Fmoc-protected amino acid, three equivalents of the uronium coupling reagent O-(7-azabenzotriazol-1-yl)-N,N,N 0 ,N 0 -tetramethyluronium hexafluorophosphate (HATU), and six equivalents of N,N-diisopropylethylamine (DIPEA) in N,N-dimethylformamide (DMF) (as solvent) by shaking for 3 h. After each coupling step, the resin was washed three times with dichloromethane (DCM), once with MeOH and three times with dichloromethane. The deprotection was performed with 2% 1,8-diazabicyclo [5.4 .0]undec-7-ene (DBU) and 2% piperidine in DMF in two steps, with reaction times of 5 and 15 min. The resin was washed with the same solvents as described previously. The cleavage was performed with TFA/ water/DTT/triisopropylsilane (90:5:2.5:2.5, w/w) at 08C for 1 h. The purification was carried out by RP-HPLC, using a Phenomenex Luna C18 100 Å 10 lm column (10 mm 3 250 mm). The HPLC apparatus was made by JASCO. The solvent system used was as follows: 0.1% TFA in water and 0.1% TFA in 80% acetonitrile in water; a linear gradient was used during 60 min, at a flow rate of 4.0 mL min 21 , with detection at 206 nm. The purities of the fractions were determined by analytical RP-HPLC using a JASCO HPLC system with a Phenomenex Luna C18 100 Å 5 lm column (4.6 mm 3 250 mm) and the pure fractions were pooled and lyophilized. Alternatively, peptides were purchased from GeneCust Europe (Dudelange, Luxembourg) as lyophilized powder (95% purity). The commercial peptides were identical to those obtained by SPPS except that their C-terminus was a free acid (amide from SPPS). The peptides were used without further purification. The lyophilized peptides were dissolved in water to the concentration of 400 mM (stock solutions). Oxidized peptides were reduced by heating the samples at 708C for 10 min in the presence of 1 mM DTT and stored at 48C until further analysis.
Mass spectrometry
All mass spectra were measured by using 4.7-T Apex-Qe hybrid quadrupole Fourier transform ion cyclotron resonance (FT-ICR) instrument (Bruker Daltonics, Billerica, MA), equipped with an Infinity ICR cell and an Apollo-II electrospray (ESI) ion source. The peptide solutions were directly infused at a flow rate of 1.5 mL min 21 , and instrument parameters were adjusted to prevent unintentional collisional activation of the peptide-metal ion complexes in the ion source. The ion source temperature was maintained at 2008C and dry nitrogen was used as nebulizing (1 bar) and drying gas (5 L min 21 ).
For zinc titration experiments, the peptide ions were produced with the microchip-based nanoESI ion source (Advion Triversa Nanomate; Advion, Ithaca, NY), operated at a flow rate of about 200 nL min 21 .
The ESI-generated ions were accumulated for 0.5 s in the hexapole collision cell before transferred to the ICR cell for trapping and broadband detection. The mass range for the peptides was m/z 184-2000. Mass spectra were externally calibrated with respect to ions of ES tuning mix (Agilent Technologies, Santa Clara, USA). Total of 32 transients (1Mword) were co-added for each spectrum. The achieved resolution was 130 000 at m/z 600, which is close to the theoretical maximum. The instrument was operated by XMASS 7.0.8 software. The positions of the disulfides in oxidized peptides were determined by using collision-induced dissociation tandem mass spectrometry (CID-MS/MS) experiments. The triplycharged peptide ions were isolated in the quadrupole and subjected to collisional activation with the background argon gas in the hexapole collision cell. The collision voltage was 218.0V with each peptide.
Determination of the equilibrium dissociation constant (k d ) for zinc binding to MM1
From the mass spectrum of MM1 in the presence of zinc (at any given concentration), a fractional saturation f of the binding can be directly obtained from the relative intensities (i) of the ions representing apoand zinc-complexed holo-peptides; f 5 R(i MM1 
Computational calculations
Geometry optimization for molecular models of MM1 and its amino acid mutants was performed with Avogadro 1.2.0 software. 43 The NMR structure of MM1 (PDB entry 1WO3) was used as the starting model, which was first energy-minimized by using a Universal force field (UFF) with Steepest Descent algorithm, having 10000 steps. 44 Then each amino acid mutation was made in PyMOL 1.5.0.3 software (Schr€ odinger, LLC) and the resulting structures were optimized in Avogadro as above. All structures were stable throughout the optimization cycle without major conformational changes or bond dissociations from the central zinc ion. Finally, all energyminimized structures were visualized and further analyzed and compared in PyMOL and Avogadro.
